T he surface of most protozoan parasites relies heavily upon lipid-anchored molecules, to form protective barriers and play critical functions required for infectivity. Sphingolipids (SLs) play important roles through their abundance and involvement in membrane microdomain formation, as well as serving as the lipid anchor for many of these molecules and in some but possibly not all species, as important signaling molecules. Interactions of parasite sphingolipid metabolism with that of the host may potentially contribute to parasite survival and/or host defense. In this chapter we summarize current knowledge of SL structure, synthesis and function in several of the major parasitic protozoan groups.
Introduction
Protozoan pathogens have tremendous negative impact on human health and prosperity. Malaria, a mosquito-borne disease caused by Plasmodium parasites, is responsible for 350-500 million cases and more than one million deaths each year. Trypanosomatid parasites including Trypanosoma cruzi, Trypanosoma brucei and Leishmania spp infect 20-30 million people worldwide, causing a spectrum of devastating diseases from disfiguring skin lesions to lethal visceral, cardiac and cerebral infections. [1] [2] [3] Other parasitic protozoans such as Toxoplasma gondii, Giardia spp. and Entameoba histolytica are widely distributed pathogens capable of causing severe diseases in humans. As yet, there are no safe vaccines for any of these parasites, leaving drug treatments as the major strategy for control. Available drugs are compromised by low efficacy, high toxicity and wide spread resistance. 2, 4 It is important, therefore, to identify parasite-specific virulence pathways and develop novel inhibitors that target them.
Sphingolipids (SLs) are ubiquitous membrane components in pathogenic protozoans (Table 1) . In comparison to mammals and fungi, knowledge about metabolism, structure and function of SLs in parasitic protozoa is limited and an area of active research. Trypanosomatids such as Trypanosoma and Leishmania spp. synthesize large amounts of unglycosylated inositol phosphorylceramide (IPC), a lipid found widely among fungi and plants. Trypanosomes also synthesize sphingomyelin (SM), a lipid commonly found in mammals. Apicomplexan parasites including Plasmodium spp mostly synthesize SM and glycosyl-SLs, although a recent report suggests inositol-SLs occur in Toxoplasma gondii. 5 In this chapter, we review recent findings about the roles of SL metabolism in pathogenic protozoa.
self resolving cutaneous lesions, to fatal visceral infections and disfiguring mucosal manifestations. There is a strong albeit imperfect tendency for these phenotypes to be associated with individual species, for example L. major and L. mexicana with cutaneous disease, L. donovani with visceral disease and L. braziliensis with mucocutaneous disease. The biochemical basis underlying these different disease manifestations is largely unknown. Leishmania live extracellularly within the sand fly midgut, but within an acidified, fusogenic phagolysosome of the macrophage within the mammalian host.
Sphingolipids were reported first in L. donovani 25, 26 and thereafter in all species studied. Notably the predominant SL was IPC, more typical to those found in fungi than in the mammalian hosts. Methods for mass spectrometric analysis and quantification of IPCs were developed and have shown that the structure within both the promastigote and amastigote stage of Leishmania major are IPC-d16:1 (phosphoryl inositol N-stearoylhexadecesphing-4-enine, d16:1/18:0-PI-Cer) and IPC-d18:1 (phosphoryl inositol N-stearoylsphingosine, d18:1/18:0-PI-Cer), respectively, with IPC-d16:1 being more abundant. IPCs are present in an abundance of about 2 × 10 8 molecules per cell, nearly 10% of the total membrane phospholipids. 6, 7, 27 Additionally, several studies have reported the presence of mammalian type sphingolipids on Leishmania amastigote residing in mammalian macrophages. Current data from diverse species suggest that these arise in some manner by transfer from the mammalian host rather than direct synthesis by the parasite. [28] [29] [30] The occurrence of the parasite specific IPC suggested that Leishmania organisms encode a complete, functional SL sphingolipid pathway 31 ( Fig. 1 ). In the de novo pathway, activities and/or genes have been found for serine palmitoyl transferase (SPT1/SPT2), ceramide synthase (LAG1/CERS) and IPC synthase IPCS1. 6, 27, 32, 33 On the degradative side, a sphingosine 1-P lyase SPL 33 has been functionally identified; parasites also encode a homolog of the IPC phospholipase C ISC1 (Lmj08.0200) and sphingosine kinase (LmjF26.0710). There are potential homologs encoding dihydroceramide desaturase, 3-ketosphingosine reductase, ceramidase and sphingosine 1-P phosphatases as well, although the evolutionary distances make firm conclusions premature. Future studies will likely fill in missing steps and/or confirm the assignments above. Orthologs of all of these genes are found in the other trypanosomatid genomes. 
SL Pathway Genetics
Genetic studies of SL metabolism have yielded some surprises in Leishmania major. Two studies reported the generation of null mutants of one of the subunits (SPT2) required for serine palmitoyl transferase activity in L. major promastigotes, the stage normally carried by the sand fly vector. 6, 27 Mass spectrometry confirmed these parasites completely lacked SLs including IPC, yet these organisms grew normally in logarithmic phase and continued to make 'lipid rafts' as judged by several criteria. This was remarkable as SLs are considered essential membrane components in all eukaryotes. The ability of Leishmania to survive in their absence may reflect their rather unique membrane composition, with ergosterol substituting for cholesterol and high levels of plasmalogen ether phospholipids, both of which strongly promote raft formation.
While normal in logarithmic phase, upon entry into stationary phase spt2 -parasites showed severe defects including loss of viability and abnormalities including accumulation of small vesicles reminiscent of multivesicular bodies, lipid inclusions and defects in the formation of acidocalcisomes. 34 While originally attributed to a defect in SL synthesis, subsequent studies of a null mutant (spl -) lacking the SL degradative enzyme sphingosine-1-P lyase (SPL) revealed a very similar set of phenotypes to those of spt2 -. Genetically this suggests that both defects lay upstream of a critical metabolite, which was predicted from metabolic pathway analysis and then shown to be ethanolamine (EtN). 33 Provision of EtN completely reversed most phenotypes of the spt2 -and spl -mutants, except a modest difference in log phase cell shape. Thus, in L. major promastigotes the primary role of SL synthesis appears to be focused on provision of EtN, rather than the more typical roles in other eukaryotes critical to cell signaling and raft formation. 33 
SL Salvage by Amastigotes
The requirement for SLs in the promastigote stage when propagated in its native sand fly vector has not been reported thus far. However, despite the complete absence of SLs, spt2
-mutant parasites remain able to induce infections in the mammalian host more or less normally (when grown in EtN), consistent with the down regulation of SPT2 seen in parasite development. 6, 27, 34 Remarkably, when isolated from mammalian hosts, spt2 -amastigotes showed normal IPC levels. 34 This mandates some form of SL salvage to occur within the amastigote-bearing phagolysosomes, either as sphingoid bases, ceramide, or complex SLs followed by some form of remodeling into parasite IPCs. The transfer of mammalian SLs to the amastigote surface mentioned earlier is one likely route for this to occur, although this has not been proven. Given the role of SLs in mammalian cell biology and signaling, several studies have found alterations in mammalian SL metabolism in Leishmania-infected macrophages in vitro, including alterations in ceramide levels that could contribute to parasite survival. 35, 36 These studies suggest the possibility of a fascinating interplay between host and parasite SL metabolism, extending beyond nutritional factors into signaling pathways relevant to parasite survival and/or host defense.
Other Leishmania Species
Genetic studies of SL metabolism have concentrated thus far on L. major. One might reasonably predict from similarities in SL pathway gene content and organization amongst Leishmania species that these species might behave similarly. However the same might have been said for comparisons with trypanosomes, yet unlike L. major de novo SL synthesis is clearly essential in these species (discussed below). There are precedents for major differences the dependency upon glycoconjugate pathways in Leishmania despite seemingly identical biochemical functions, one example being the Golgi GDP-mannose transporter which is required for amastigote virulence in L. major but not L. mexicana.
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Inhibition of SL Synthetic Pathways
The lack of SL dependency for promastigote growth and the reliance upon salvage rather than de novo synthesis in the amastigote stage may argue that inhibition of de novo SL synthesis, or at least that of sphingoid bases, is unlikely to be a good target for inhibition in these species. In contrast, L. major amastigotes maintain IPC levels and in combination with the potential for interactions with host SL pathways, suggesting that inhibition of IPC synthesis may offer a valid chemotherapeutic target, as proposed in fungi.
The best studied IPC synthase (IPCS) inhibitor is aureobasidin A (AbA), which inhibits fungal growth at in the nanomolar range (∼50 nM) and fungal IPC synthase in the subnanomolar range. 39, 40 Leishmania species are much less sensitive, requiring 1-10 µM. 32, 34, 41 While AbA inhibits L. major promastigote growth with an EC 50 of 0.6 µM, MS analysis revealed no effect on IPC synthesis at this concentration and IPC synthesis inhibition was not seen until 5.0 µM AbA. 6 Consistent with these findings, studies of heterologous expressed IPCS suggests an enzymatic IC 50 on the order of 100 µM. 32 Lastly, AbA was similarly toxic to the spt2 -parasites, which lack IPC. 27, 34 These findings suggest that the major inhibitory activity of AbA against Leishmania major in vivo may involve a target other than IPCS, while not yet excluding IPCS as a potential amastigote target for more effective inhibitors in the future.
Trypanosoma brucei (ssp) and Trypanosoma cruzi
These related trypanosome species cause two distinct human diseases: African Trypanosomiasis, or Sleeping Sickness, (T. brucei ssp) and South American Trypanosomiasis, or Chagas Disease (T. cruzi). Because of the predominance of IPC in the related kinetoplastid genus Leishmania, both groups of trypanosomes have also been generally thought to contain mostly IPC, despite early compositional studies indicating the presence of SM in each (Table 1) . However, as is the case with Leishmania, there are marked differences within the genus Trypanosoma in regard to geographical distribution, life cycle, biochemistry and disease pathology. Consequently, it is not surprising that there are significant differences in sphingolipid composition and metabolism between the trypanosomal species.
Trypanosoma brucei
African trypanosomes have a life cycle that alters between the bloodstream of the mammalian host and the insect vector, the tsetse fly (genus Glossina). There are two replicative forms that are amenable to in vitro study, the pathogenic bloodstream form and procyclic insect form, which is found in the tsetse midgut. Early compositional studies reported the presence of SM in both stages 11, 42 and the presence of IPC was suggested, 11 although this was not confirmed with known standards or enzymatic treatments. More recently high-resolution mass spectroscopy has confirmed the presence of both SM and IPC, as well as the unusual phosphosphingolipid, ethanolamine phosphorylceramide (EPC). 8, 10, 43 In addition, neutral glycosphingolipids have also been indentified in bloodstream stage parasites. 12 Interestingly, synthesis of phosphosphingolipids is developmentally regulated in T. brucei. 10 Both compositional analyses and biosynthetic assays measuring the incorporation of fluorescent ceramide analogues indicate that SM is actively synthesized in both bloodstream and procyclic stages, but IPC is only synthesized in procyclic trypanosomes. Furthermore EPC is only found in bloodstream stage parasites. However, this finding may be a matter of sensitivity since EPC levels are very low even in the bloodstream stage. Another aspect of developmental regulation is the ceramide platform used in sphingolipid synthesis. A fairly standard mixture of dihydroceramide (d18:0/16:0, N-palmitoylsphinganine) and ceramide (d18:1/16:0, N-palmitoylsphingosine) are found in both stages, but in both the pool of ceramide precursors and mature phosphosphingolipids the ratio favors dihydroceramide in procyclic parasites and ceramide in bloodstream forms. This difference likely derives from differential expression or regulation of dihydroceramide desaturase, the enzyme responsible for conversion of dihydroceramide to ceramide. Sphingolipid synthesis is essential in T. brucei. Pharmacological 44 and genetic 43 interdiction of the first enzyme of sphingoid base synthesis, serine palmitoyl transferase, is lethal and can be rescued with the immediate downstream product, 3-ketodihydrosphingosine. Exogenous EtN cannot rescue lethality however, indicating that T. brucei relies on sphingoid base synthesis for something other than production of essential EtN, unlike L. major (Fig. 1) . Presumably this dependency is synthesis of complex sphingolipids.
Trypanosoma cruzi
South American trypanosomes have a more complicated life cycle with multiple morphological forms, all of which can be maintained in vitro. Log phase cultured epimastigotes mimic the replicative form found in the insect vector, reduvid bugs. Upon entry into stationary phase, parasites differentiate to a trypomastigote form that closely mimics the infectious metacyclic trypomastigotes found in the reduvid hindgut. These can invade cultured mammalian cells where they differentiate into replicative amastigotes. Non-replicative trypomastigotes are subsequently released and go on to infect new host cells. These culture-derived trypomastigotes correspond to the circulating trypomastigotes that are responsible for maintaining the natural mammalian infection and for transmission back to reduvids during a blood meal. Several compositional studies with epimastigotes reported the presence of SM, but failed to note the presence of IPC. [45] [46] [47] However, radiolabeling with ( 3 H)palmitate and mass chemical analyses revealed the presence of free IPC in the cellular pools of phospholipids in both epimastigotes, tissue culture derived trypomastigotes and in vitro differentiated amastigotes. 14, 48, 49 The level of IPC synthesis increases during differentiation of trypomastigotes to amastigotes, both in infected myoblasts and during in vitro differentiation. 50 These studies failed to detect SM, but they did reveal the ceramide content of IPC to be a mixture of dihydroceramide (d18:0/16:0, N-palmitoylsphinganine) and ceramide (d18:1/16:0, N-palmitoylsphingosine), with lesser amounts of each containing stearate as the N-acyl group (d18:0/18:0 and d18:1/18:0). No ceramides containing longer chain fatty acids, e.g., lignoceric acid (C24:0) were detected, but it must be noted that mass chemical analyses were only performed with epimastigotes 48 and conclusions based solely on radiolabeling can be misleading. Neutral glycosphingolipids have also been identified in epimastigotes by mass chemical approaches. 51 These include gluco-, galacto-and lactosylceramides composed of sphingosine with N-acyl mixtures of saturated, unsaturated and hydroxylated fatty acids of predominantly 16 carbon (palmitate) and 24 carbon (lignocerate) lengths. Similar structures are found in neutral glycosphinolipids of heart muscle and it has been proposed that this mimicry may contribute to pathogenesis associated with chronic Chagas disease.
As in Leishmania, the role of IPC in T. cruzi has been investigated using the fungal IPCS inhibitor AbA. High concentrations of AbA (∼20 µM) inhibited in vitro differentiation of amastigotes 50 and the generation of culture-derived trypanosomatids. 53 However, it is has no effect on growth of epimastigotes, even at excessive concentration (∼50 µM) and likewise is completely ineffective against IPC synthase in a direct enzymatic assay with epimastigote membranes. 53 These findings strongly suggest that any inhibition of trypomastigotes/amastigote differentiation is likely due to secondary off-target effects and furthermore that there are considerable differences between fungal and kinetoplastid IPC synthases.
Unlike Leishmania and the African trypanosomes, IPC is also used as a membrane anchor for two abundant cell surface glycoconjugates: lipopeptidophosphoglycan (LPPG) and the mucin-like glycoproteins. First characterized in stationary phase epimastigotes, LPPG is a free glycosylphosphatidylinositol (GPI)-like molecule unusual in being constructed on IPC rather than phosphatidylinositol, as is typical for GPI structures. [54] [55] [56] [57] Strikingly, mucins from metacyclic trypomastigotes, derived from stationary phase epimastigote cultures, are anchored by an almost identical structure, differing primarily in the absence of two β-linked galactofuranose moieties attached to the tetramannose core of LPPG and the presence of the ethanolamine phosphate bridge to the mucin polypeptide chain. 58 In each case the ceramide glycoinositol lipid platform is a mixture of ceramide and dihydroceramide (d18:1 and d18:0), N-acylated with either palmitate (C16:0) or lignoceric acid (C24:0). Furthermore, both structures are developmentally regulated. LPPG and mucin glycoinositol lipid anchors from log phase epimastigotes are constructed on a standard phosphatidylinositol platform, but in all other regards resemble the equivalent IPC-based structures from stationary cultures. [58] [59] [60] This developmental shift in glycoinositol lipid anchor structure is not universal since 1G7-antigen, a metacyclic-specific surface marker, has a glycerolipid anchor, even as the mucins are being overwhelmingly converted to a ceramide-based anchor. 61 Ceramide-based glycoinositol lipid anchors are also found on the amastigote-specific Ssp4 antigen 49 and the trans-sialidase of culture derived trypomastigotes. It seems likely that these ceramide-based structures are made by remodeling of a de novo synthesized glycerolipid GPI structure, as is known to happen in yeast, 62 since no evidence could be found for de novo synthesis of GPI-like structures on an IPC platform. 63 A possible remodeling pathway could be transfer of the entire glycoinositol head group from the initial glycerolipid anchor to a ceramide accepter in a reaction analogous to the synthesis of phosphosphingolipids by head group exchange with phosphoglycerol lipids. Subsequent remodeling of the N-acyl group could introduce lignoceric acid, which is not found in the general pools of ceramide and IPC, into a subset of the ceramide anchors. Several of the enzymatic activities required for ceramide fatty acid remodeling have been reported in membrane extracts of T. cruzi. 50 
Trypanosomatid Sphingolipid Synthases
The trypanosomatid protozoa have an orthologous gene family of documented sphingolipid synthases.
10,32 L. major has a single gene (LmjIPCS), T. brucei has four tandemly arrayed genes (TbSLS1-4) and T. cruzi has a single gene (TcSLS). The evolutionary relatedness of these genes is confirmed by their syntenic location on the chromosomes of the three species. All the gene products, have clear homology to mammalian sphingomyelin synthases 64 by reciprocal Blast searching, but no obvious sequence relationship to yeast IPC synthase. 39 Nevertheless, LmjIPCS has been biochemically characterized as a true IPC synthase. 32 One of the T. brucei gene products (TbSLS4) is a bifunctional SM/EPC synthase 10 and while it is possible that one or more of the other genes (TbSLS1-3) may be an IPC synthase, this seems unlikely given the high degree of sequence identity for the predicted proteins. There is currently no evidence concerning the biosynthetic specificity of the T. cruzi enzyme. The T. brucei genes are constitutively expressed and simultaneous knockdown of the entire locus by pan-specific RNAi is rapidly lethal for bloodstream parasites, likely due to toxic effects of a 4-5 fold increase in cellular levels of ceramide. No data are currently available for the essentiality of the T. cruzi ortholog. One might predict from the viability of the L. major de novo SL synthetic mutant spt2-that Leishmania IPCS would not be essential; this is under investigation currently.
All members of the gene family contain the catalytic residues and four signature sequence motifs (D1-4) defined for mammalian SM synthases. 65 Two of these motifs (D1-2) are absent from yeast IPCS, further emphasizing the lack of direct relatedness with the kinetoplastid enzymes. All of the parasite sphingolipid synthases conform to a six transmembrane topology model predicted for mammalian SM synthase 2. 10 Collectively these data suggest that the kinetoplastid sphingolipid synthase family evolved from a common ancestral SM synthase gene and that subsequently the Leishmania gene diverged to encode an IPC synthase activity. If true this implies that IPC synthetic capability has evolved at least twice in eukaryotes, once in the kinetoplastids and once in a fungal lineage.
Plasmodium falciparum
Malaria parasites of the genus Plasmodium are obligate intracellular pathogens residing in mammalian red blood cells, hepatocytes, or mosquito midgut epithelial cells. Biosynthesis of sphingomyelin (SM) and glycosphingolipids by P. falciparum parasites (intraerythrocytic stages) has been demonstrated using radiolabeled or fluorescent ceramides. 16, 66 A recent report revealed the presence of an active glucosylceramide synthase, which glycosylates only dihydroceramide in vitro. 67 Species of glycosphingolipids in P. falciparum include monohexosylceramides, globotriaosylceramides, globotetraosyl-ceramides and sulfated glycosphingolipids. 17, 67 No inositol SLs have been described in P. falciparum parasites.
Biosynthesis of SLs can be inhibited with low concentrations of threo-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) or its derivative threo-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP), potent inhibitors of glucosylceramide synthase and/ or sphingomyelin synthase. 67 Interestingly, PPMP disrupts tubovesicular membrane (TVM), an interconnected network that extends from the parasite's vacuolar membrane to the periphery of the red cell. TVM is essential for the uptake of nutrients and the treatment of PPMP prevents the parasite from importing vital nutrients such as amino acids. Consequently, the intraerythrocytic development of P. falciparum is severely inhibited. 68, 69 The link between SL biosynthesis and TVM formation is not well understood, although the traffic of nutrients appears to be dependent upon detergent resistant membrane (DRM) domains in TVM, which are SL-and cholesterol-rich. 70 Another interesting finding is that de novo ceramide synthesis is not required for TVM homeostasis; instead, ceramide derived from the turnover of host SLs are likely to be the substrate for SL biosynthesis in P. falciparum. 16 A recently cloned Pf SMase, the enzyme responsible for SM hydrolysis to ceramide and phosphocholine, was found to be essential for the parasite and its inhibition impaired the maturation of P. falciparum trophozoites into schizonts. 71 Together, these findings suggest SL metabolism could provide targets for new antimalarial drugs. Indeed, ceramide analogs including PPMP and PDMP have shown potent anti-P. falciparum activity in vitro, although their mechanism of action is still under investigation.
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Toxoplasma gondii
Toxoplasma gondii is the most versatile and widespread member of the Apicomplexan family. It is capable of infecting a wide array of host cells, causing a disease (toxoplasmosis) of major medical and veterinary importance worldwide. De novo synthesis of ceramide, glycosylated ceramide and SM in T. gondii has been demonstrated by tritiated serine and galactose labeling, followed by thin layer chromatography analysis. 18 Two well-documented SL synthesis inhibitors, L-cycloserine (which blocks the activity of SPT) and threo-PPMP, strongly inhibit the synthesis of these SLs. AbA treatment inhibits T. gondii replication irreversibly and induces morphological changes in the parasite cell shape and integrity, with increased cell vacuolization. 5 Importantly, analyses of parasite lipids did reveal an inositol-containing species that was resistant to alkaline treatment and whose synthesis was inhibited by AbA treatment-all properties of IPC. It is not yet clear whether IPC synthesis is required for parasite replication and more definitive characterizations of T. gondii SLs and enzymes are underway.
Trichomonas vaginalis and Giardia lamblia
Trichomonas vaginalis is an extracellular aerotolerant flagellated protozoan responsible for trichomoniasis, a common sexually transmitted disease in industrialized countries. Characterized SLs in T. vaginalis include SM and IPC. 19, 21 Importantly, IPC anchors a group of lipophosphoglycan (LPG)-like glycoconjugates to the cell surface of T. vaginalis. 74 The detailed polysaccharide structure of T. vaginalis LPG is still unknown, but it contains 50 to 54 monosaccharide residues with galactose and glucosamine being the most common species. To study the role of LPG in T. vaginalis, two LPG mutants were recently generated by chemical mutagenesis. 75 Both mutants had truncated form of LPG and failed to bind Ricinnus comunis agglutinin I (RCA120) and wheat germ agglutinin, indicating alterations in surface galactose and glucosamine residues. Although mutants grew normally in culture, they were less adherent and less toxic to human vaginal ectocervical cells than the parental strain. Together these results suggest that T. vaginalis adherence to host cells is mediated by LPG.
To further explore the contribution of IPC-anchored LPG to T. vaginalis pathogenesis, the effect of purified LPG on human reproductive tract l epithelial cells was tested. 76 Briefly, T. vaginalis LPG triggered an increased expression of interleukin 8 (IL-8) by human endocervical, ectocervical and vaginal epithelial cells. IL-8 promotes the transmigration of neutrophils across the endothelium and the production of macrophage inflammatory protein 3α, a chemoattractant for immune cells. Such effects were dose dependent and sustained in the absence of cytotoxicity, suggesting that early involvement of chemokine production by epithelial cells induced by nontoxic doses of LPG precedes cytotoxic effects.
Similar to T. vaginalis, Giardia lamblia is a flagellated protozoan parasite. This aerotolerant anaerobe colonizes and reproduces in human small intestine, causing giardiasis, a common cause of severe diarrhea infecting approximately 200 million people worldwide. It is believed that G. lamblia has only limited ability to synthesize phospholipids, long-chain fatty acids and sterols de novo; therefore, this protozoan has developed a special process to acquire lipids from the lipid-rich environment of the human small intestine, i.e., via deacylation/reacylation reactions (the Lands cycle). 77, 78 It is known that G. lamblia synthesizes SM, 22, 79 although more detailed structure characterization has yet to be performed.
A recent report indicates that PPMP blocks Giardia replication in vitro and causes a cytokinesis arrest. 80 In addition, PPMP induced a significant (∼90%) reduction in G. lamblia differentiation into cysts, the parasite stage responsible for the transmission of the disease. In another study, the giardial ceramide glucosyltransferase 1 gene ( gglct-1) was transcribed only in encysting cells and the treatment of PPMP altered the expression of cyst wall protein transcripts in encysting cells. 23 These combined data suggest that SL synthesis genes are involved in key events in giardial pathobiology. However, effect of PPMP and other SL-synthesis inhibitors on the lipid metabolism of G. lamblia has yet to be elucidated.
Conclusion
• Our understanding of SL structure and function in pathogenic protozoans is still in its infancy.
• Current data suggest SL metabolites play important roles in multiple aspects of cellular life including differentiation, replication, trafficking and the synthesis of virulence factors.
• SLs can be synthesized de novo and via salvage pathways.
• Future directions include: (1) to determine the composition of SL species in pathogenic protozoans; (2) to identify and characterize key enzymes involved in SL metabolism; (3) to define the molecular basis by which SLs contribute to infections; and (4) to develop specific inhibitors of SL metabolism and evaluate their potential as novel drugs against parasites.
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